LDL delivers cholesterol to lysosomes by receptormediated endocytosis. Exit of cholesterol from lysosomes requires two proteins, membrane-bound Niemann-Pick C1 (NPC1) and soluble NPC2. NPC2 binds cholesterol with its isooctyl side chain buried and its 3b-hydroxyl exposed. Here, we describe high-resolution structures of the N-terminal domain (NTD) of NPC1 and complexes with cholesterol and 25-hydroxycholesterol. NPC1(NTD) binds cholesterol in an orientation opposite to NPC2: 3b-hydroxyl buried and isooctyl side chain exposed. Cholesterol transfer from NPC2 to NPC1(NTD) requires reorientation of a helical subdomain in NPC1(NTD), enlarging the opening for cholesterol entry. NPC1 with point mutations in this subdomain (distinct from the binding subdomain) cannot accept cholesterol from NPC2 and cannot restore cholesterol exit from lysosomes in NPC1-deficient cells. We propose a working model wherein after lysosomal hydrolysis of LDL-cholesteryl esters, cholesterol binds NPC2, which transfers it to NPC1(NTD), reversing its orientation and allowing insertion of its isooctyl side chain into the outer lysosomal membranes.
INTRODUCTION
Over the last 30 years, much has been learned about the receptor-mediated endocytosis of plasma low-density lipoprotein (LDL) in coated pits and its subsequent delivery to endosomes and lysosomes (Brown and Goldstein, 1986; Roth, 2006) . Each LDL particle contains $500 molecules of free cholesterol and $1500 molecules of esterified cholesterol that are hydrolyzed by acid lipase in the lumen of the lysosome (Goldstein et al., 1975 ). The liberated cholesterol must then exit the lysosomal compartment in order to reach the plasma membrane and the endoplasmic reticulum (ER) where it performs structural and regulatory roles, respectively (Demel and De Kruyff, 1976; Simons and Ikonen, 2000; Goldstein et al., 2006) . A major unanswered question is how this exit process is accomplished.
Insight into two proteins required for cholesterol exit from lysosomes comes from Niemann-Pick Type C (NPC) disease (Pentchev et al., 1995) , a fatal hereditary disorder characterized by the accumulation of cholesterol, sphingomyelin, and other lipids in endosomes and lysosomes. Evidence indicates that the primary cause is a failure of LDL-derived cholesterol to exit the lysosomes, which secondarily causes the buildup of other lipids. Mutations in either of two genes underlie NPC disease. Both genes encode lysosomal cholesterol-binding proteins. One gene encodes NPC1, a large 1278-amino acid polytopic membrane protein that is localized to the limiting membranes of endosomes and lysosomes (Carstea et al., 1997; Davies and Ioannou, 2000) . The other gene encodes NPC2, a small soluble protein of 132 amino acids that resides in endosomes and lysosomes and is also secreted from the cell (Naureckiene et al., 2000) . Homozygous mutations in either gene produce the same pattern of lysosomal lipid accumulation and the same clinical phenotype, providing strong genetic evidence that both proteins are required for cholesterol egress (Sleat et al., 2004) .
NPC2 was shown previously to bind with high affinity to cholesterol but not to cholesterol derivatives with hydrophilic substitutions on the isooctyl side chain, such as 25-hydroxycholesterol (25-HC) and 27-HC (Okamura et al., 1999; Friedland et al., 2003; Ko et al., 2003; Infante et al., 2008b) . Xu et al. (2007) used X-ray crystallography to reveal the structure of bovine NPC2 in complex with cholesterol sulfate, which contains a sulfate in place of the 3b-hydroxyl group. Their data explained why hydrophilic substitutions on the isooctyl side chain prevent binding (Infante et al., 2008b) . When cholesterol binds to NPC2, its isooctyl side chain is buried deep within a hydrophobic pocket. In contrast, the 3b-hydroxyl group is exposed on the surface. This exposure explains why a sulfate substitution (as in cholesterol sulfate) or a reversal of the orientation of the hydroxyl from 3b to 3a (as in epicholesterol) does not prevent binding. On the other hand, hydrophilic additions to the side chain, as in 25-HC, prevent burial of the side chain in the deep hydrophobic pocket.
NPC1 is much more complex than NPC2, and no high-resolution structural information is available. NPC1 contains 13 predicted membrane-spanning helices and 3 large luminal domains (Davies and Ioannou, 2000) . The first luminal domain is designated the N-terminal domain (NTD). It consists of $240 amino acids, which project into the lumen. This domain is hereafter designated NPC1(NTD). The other two large luminal domains are loops that span between transmembrane helices 2/3 and 8/9. We previously showed that full-length NPC1 binds [ 3 H]cholesterol with nanomolar affinity (Infante et al., 2008a) . Surprisingly, the binding site is localized to the soluble NTD (Infante et al., 2008b) . In sharp contrast to NPC2, NPC1(NTD) binds not only cholesterol but also its oxygenated derivatives, 25-HC and 27-HC. On the other hand, NPC1(NTD) does not bind sterols, such as cholesterol sulfate or epicholesterol, with modifications at the 3b-hydroxyl position. These data led to the suggestion that NPC1(NTD) binds cholesterol in an orientation opposite to that of NPC2 with the 3b-hydroxyl of cholesterol facing the interior of NPC1(NTD) and the isooctyl side chain exposed (Infante et al., 2008b) .
In a subsequent study, we provided evidence that cholesterol could transfer between purified NPC1(NTD) and NPC2 in a bidirectional fashion (Infante et al., 2008c (Infante et al., 2008c) . NPC2 can deliver bound cholesterol directly to liposomes even in the absence of NPC1 (Cheruku et al., 2006; Babalola et al., 2007; Xu et al., 2008; Infante et al., 2008c) . However, NPC1(NTD) could not deliver its bound cholesterol to liposomes unless NPC2 was present as an intermediate carrier. Although these studies showed a unique ability of NPC2 to facilitate entry and exit of cholesterol from NPC1(NTD), they did not indicate which direction this transfer took within lysosomes, i.e., LDL to NPC2 to NPC1 versus LDL to NPC1 to NPC2. Although the NPC2-to-NPC1 model seems more logical (Infante et al., 2008c; Subramanian and Balch, 2008; Schulze et al., 2009) , direct data in support of this model are lacking.
In the current studies, we used X-ray crystallography to determine a high-resolution structure of NPC1(NTD) in the apoprotein (apo) form and in complex with cholesterol or 25-HC. The protein contains a deep pocket that surrounds the sterol, burying the 3b-hydroxyl group and the tetracyclic ring but leaving the isooctyl side chain partially exposed. This orientation is opposite to the orientation of cholesterol bound to NPC2 in which the side chain is buried and the 3b-hydroxyl exposed. Through mutational analysis, we identified two functional subdomains of NPC1(NTD)-one for sterol binding and the other for NPC2-mediated transfer. We use these data to advance a hypothetical working model for cholesterol transfer in which soluble NPC2 accepts cholesterol from LDL and carries it to the membrane-bound N-terminal domain of NPC1, which then inserts the cholesterol into the lysosomal membrane.
RESULTS

Crystal Structure of NPC1(NTD)
For structural studies, human NPC1(NTD) was produced in Hi-5 insect cells using a baculovirus vector. The soluble secreted protein was purified from the culture medium. Initial attempts at crystallization were hampered by heterogeneity attributable to the five potential N-linked glycosylation sites (four of which are conserved in various species) and a proline-rich C-terminal region. After carrying out a systematic screen of mutations of these four conserved glycosylation sites in combination with C-terminal deletions, we obtained crystals from a construct that spanned residues 23-252 and harbored three mutations (N70Q, N122Q, N185Q) that removed three of the four conserved glycosylation sites. Figure 1A ). The structure of NPC1(NTD) was determined by single wavelength anomalous dispersion (SAD) phasing (Table 1 ) and refined to 1.8 Å (apoprotein and cholesterol complex) and 1.6 Å (25-HC complex). NPC1(NTD) is composed of eight a helices that are flanked by a three-strand mixed b sheet ( Figure 1B ). NPC1(NTD) contains 18 cysteine residues, all of which form disulfide bonds (C25-C74, C31-C42, C63-C109, C75-C113, C97-C238, C100-C160, C177-C184, C227-C243, C240-C247). Electron density is present for two N-acetyl glucosamine molecules attached to Asn222 (Figure S1B available online), and they form hydrogen bonds with Glu110 and the carbonyl oxygen of Gly65 (Figure S1C) . Electron density for an N-acetyl glucosamine is also present at a previously unanticipated site, Asn158 (sequence, NAC) ( Figure S1A ).
A comparison of the apoprotein ( Figure 2A ) and the sterolbound forms ( Figures 2B and 2C ) reveals virtually no change in the structure of the protein upon sterol binding with a rootmean-square deviation (rmsd) of 0.1 and 0.2 Å (apo versus cholesterol and 25-HC, respectively) across all Ca atoms ( Figure S2 ). For the three structures, electron density is visible for residues 23-247. Cholesterol and 25-HC are both clearly visible, but cholesterol is less well ordered than 25-HC (see B-factors in Table 1 ).
In the apo structure, the sterol-binding pocket is occupied by two glycerol molecules and three water molecules (Figure 2A ). The glycerol in the apo structure likely results from diffusion into the crystal during cryoprotection, as glycerol was not present during protein purification or crystallization. In the absence of sterols, the sterol-binding pocket is likely lined with water molecules. At each end of the sterol-binding pocket are openings toward solvent. One opening, located near the 3b-hydroxyl group of the sterol, is just large enough for a single water molecule to enter or exit ( Figure 1C ). We designate this region as the water opening (W-opening). The other opening, located at the end of the isooctyl side chain of the sterol molecule, is slightly larger but not large enough to permit passage of the tetracyclic ring without a conformational change ( Figures  1C and 2D ). We designate this region as the sterol opening (S-opening). Cholesterol and 25-HC bind in a similar manner.
The 25-hydroxyl group on 25-HC does not form a specific interaction with the protein, instead forming a water-mediated interaction with the main chain carbonyl of Leu175 ( Figure 3B ).
Monomeric State of Soluble NPC1(NTD)
Based on size exclusion chromatography, soluble NPC1(NTD) was hypothesized to exist as a dimer (Infante et al., 2008b) . Previous results with glycosylated proteins have shown anomalous migration behavior on size exclusion chromatography (Andrews, 1965) . We used analytical ultracentrifugation sedimentation velocity (SV) analysis to determine the oligomerization state of NPC1(NTD) in solution. SV analysis of NPC1(NTD) produced in CHO-K1 cells with all six of the predicted or identified glycosylation sites intact showed a single species of 3.2 S Figure 2D ).
corresponding to a molecular mass of 41.9 kDa ($35% carbohydrate content by mass) ( Figure S3 ). SV analysis of the protein produced in insect cells, with three of the glycosylation sites mutated, showed a single species of 2.2 S corresponding to a molecular mass of 30.3 kDa ($15% carbohydrate content by mass) ( Figure S3 ). Both results are consistent with NPC1(NTD) being a monomer in solution. Similar results were obtained from sedimentation equilibrium analysis (data not shown).
Sterol-Binding Pocket
The sterol-binding pocket of NPC1(NTD) is lined predominately with hydrophobic residues ( Figure 3A ), including Trp27, Leu83, Phe108, Pro202, Phe203, and Ile205, consistent with the hydrophobicity of cholesterol. The exceptions lie at the site of the 3b-hydroxyl group. Two polar residues, Asn41 and Gln79, form direct hydrogen bonds with the 3b-hydroxyl group ( Figure 3B ). In addition, Glu30 forms a water-mediated interaction with the 3b-hydroxyl, helping to stabilize binding of sterols and imposing stereospecificity. The residues in this region would not permit binding of the 3a-epimer of cholesterol (epicholesterol) or bulky additions at this position ( Figure S4 ). These structural findings are consistent with our previous binding data showing that NPC1 (NTD) does not bind epicholesterol or cholesterol sulfate (Infante et al., 2008b) .
The binding pocket of NPC1(NTD) tightly encloses the four rings of the sterol. The pocket narrows around the C20 and C22 positions of the isooctyl side chain ( Figure 2D ) and begins to expand and open toward solvent after C23. The binding pocket is wider prior to C20, accommodating the larger size of the sterol tetracyclic ring. Our previous binding data showed that hydroxyl substitutions on the tetracyclic ring or on C20 diminish binding, while modifications on C24, C25, and C27 permit binding (Infante et al., 2008a (Infante et al., , 2008b . These data are consistent with the size and shape of the binding pocket. The size and shape of the binding pocket restrict the entry and exit of sterols from NPC1(NTD) and would require expansion of the S-opening. Displacement of helix3, helix7, helix8, and/or the loop between helix8/strand7 would allow sterols to bind or dissociate ( Figure 1B , orange).
Alanine Scan Mutagenesis to Identify Residues of NPC1(NTD) Required for Sterol Binding
To determine key residues in NPC1(NTD) that are important for sterol binding, we performed an alanine scan mutagenesis across the protein (amino acids 23-264) and assayed each mutant for binding to [ We generated a panel of 84 mutant plasmids in which one, two, or three contiguous amino acids were changed to alanines. This panel included all 242 residues in NPC1(NTD) except for the following: 4 conserved residues previously shown to have normal binding activity when replaced with alanine (Asn103, Gln117, Phe120, Tyr157) (Infante et al., 2008b) ; 1 conserved residue that when mutated to alanine showed reduced cholesterol binding (60% of normal) and virtually no 25-HC binding (Gln79) (Infante et al., 2008b) ; 6 naturally occurring mutations that were shown previously to have normal binding activity (Gln92, Thr137, Pro166, Asn222, Asp242, Gly248) (Infante et al., 2008b) Figure S5B ). Six of the 84 NPC1(NTD) mutant proteins showed binding that was less than 25% of WT ( Figure S5B , blue). All of these mutations (R39-N41, T82/L83, N106-F108, D197/N198, P202/F203, and T204/I205) replaced residues that mapped to the binding pocket (Figure 4 , blue). These residues include the majority of the hydrophobic amino acids that line the binding pocket around the tetracyclic ring, except for Trp27, whose replacement reduced [ 3 H]cholesterol binding to a level slightly above the 25% threshold ( Figure S5B ). Of the two hydrophilic residues that form direct hydrogen bonds with the 3b-hydroxy group ( Figure 3B ), the replacement of Asn41 with alanine disrupted [ 3 H]cholesterol binding by 90% ( Figure S5B ). The other hydrophilic residue (Gln79) was previously shown to produce a 40% reduction in cholesterol binding when replaced with alanine (Infante et al., 2008b) . The only amino acid in the sterol-binding domain that could not be evaluated in the alanine scan was Glu30, which forms a water-mediated bond with the 3b-hydroxyl. This mutant protein was not secreted into the media. We identified seven mutant NPC1(NTD) proteins that exhibited a preferential reduction of binding of Figure S5B , pink). All seven of these mutations replaced amino acids that mapped either to the binding pocket (V26/W27 and G199/Q200) or to adjacent amino acids (F101/Y102, L144/Q145, Y146/Y147, T187/N188, and N195/K196) ( Figure S7 , pink).
To validate the major findings from the assays with unfractionated culture media, we purified the mutant protein with the least amount of cholesterol binding (P202A/F203A) and analyzed it in detail. As shown in Figures 5A and 5B, the purified protein showed no detectable binding of either [ Alanine Scan Mutagenesis to Identify Residues Required for NPC2-Mediated Transfer Previously, we showed that NPC2 catalyzes the bidirectional transfer of cholesterol between NPC1(NTD) and liposomes in vitro (Infante et al., 2008c (Figures 4 and S6B, red) . These mutations replaced residues L175/L176, D180/D182, N185, T187/N188, E191/Y192, and G199/Q200, all of which map to a surface of a subdomain of NPC1(NTD) spanning amino acids 162-200. This region includes helices 7 and 8 and the intervening loop (Figure 4 , red). Of the six mutants in this region, the two most deficient in transfer are L175A/L176A and E191A/Y192A. Two of these four WT residues (L176 and Y192) are identical in 12 out of 12 mammalian species, and the other two (L175 and E191) are identical in 11 of the 12 species (Infante et al., 2008b) . To validate the findings from the above transfer assays done with culture media, we purified one of the mutants, L175A/L176A, that showed a marked decrease in the amount of NPC2-dependent [ 3 H]cholesterol transfer from NPC1(NTD) to liposomes.
When incubated with [
3 H]cholesterol for 24 hr at 4 C, a time necessary to achieve equilibrium binding in the absence of NPC2 (Infante et al., 2008c) , the mutant protein bound cholesterol with similar affinity to that of the WT protein ( Figure 5C ). Moreover, its rates of association and dissociation of [ 3 H]cholesterol at 4 C and 37 C were virtually identical to those of WT NPC1(NTD) ( Figure S8 ). Equilibrium binding for both WT and mutant proteins was achieved within 30 min at 37 C, and dissociation of previously bound [ 3 H]cholesterol for both proteins occurred rapidly at 37 C and extremely slowly at 4 C ( Figure S8 ).
Despite its normal binding kinetics, the mutant protein showed a marked defect in NPC2-stimulated transfer of cholesterol to liposomes ( Figure 5E ). As compared to WT NPC1(NTD), the mutant protein required five times more NPC2 to transfer an equivalent amount of [ 3 H]cholesterol to liposomes. To show that this transfer defect is the result of defective interaction with NPC2 and not with liposomes, we tested the ability of NPC2 to transfer its cholesterol to WT NPC1(NTD) and to this mutant. Within 15 min, NPC2 transferred 4-fold more [ 3 H]cholesterol to WT NPC1(NTD) as compared to the L175A/L176A mutant ( Figure 5D ).
Cholesterol Binding and Transfer Mutants Fail to Restore Function to NPC1-Deficient Cells
To assay the function of mutant NPC1 proteins, we measured the two reactions that occur when cholesterol or oxysterols reach the ER: (1) activation of acyl-CoA:cholesterol acyltransferase (ACAT), thereby increasing incorporation of radiolabeled fatty acids into cholesteryl esters (Pentchev et al., 1995; Liscum and Faust, 1987) ; and (2) Figure 5F shows an experiment in which we transfected plasmids encoding fulllength WT and mutant NPC1 into CHO 4-4-19 cells. These cells lack NPC1 function as a result of a point mutation (G660R) in transmembrane helix 3 (L. Liscum, personal communication; Dahl et al., 1992; Infante et al., 2008b) . Fortyeight hours after transfection, the cells were incubated for 5 hr with varying concentrations of b-VLDL, a cholesterolrich lipoprotein that binds LDL receptors and delivers cholesterol to lysosomes. (Because of its high affinity for the LDL receptor, b-VLDL is frequently used as a ligand in cell culture studies; van Driel et al., 1987.) Expression of WT NPC1 allowed b-VLDL to stimulate cholesteryl oleate formation by 20-fold ( Figure 5F ). Full-length NPC1 harboring the P202A/F203A mutation in the NTD was markedly defective in restoring sensitivity to b-VLDL ( Figure 5F , blue triangles). Similar defects were seen when full-length NPC1 contained the L175A/L176A mutation (red triangles). None of the mutant proteins interfered with the ability of 25-HC to stimulate cholesteryl ester formation, a response that is normal in the NPC1 mutant cells ( Figure 5G ). Immunoblotting revealed that the mutant proteins were expressed at the same level as WT ( Figure 5F , inset). Both mutant and WT proteins showed a diffuse band characteristic of fully glycosylated lysosomal proteins that have left the ER (Watari et al., 1999) . Moreover, treatment of the mutant proteins with the glycosidase Endo H (which removes only high mannose chains) did not alter their migration pattern on SDS-PAGE, providing further evidence that the mutant proteins had folded properly and left the ER (data not shown). In the same experiment, Endo H treatment of a control protein containing a high mannose chain (Site-1 protease) (DeBose-Boyd et al., 1999) showed the expected increase in electrophoretic mobility.
To study the inhibition of SREBP processing, we employed a standard protocol in which CHO 4-4-19 cells were deprived of sterols and then incubated with b-VLDL for 5 hr after which membrane and nuclear extracts were subjected to immunoblotting to detect the full-length precursor and the processed nuclear form of SREBP-2. Mock-transfected CHO 4-4-19 cells failed to suppress SREBP-2 cleavage when incubated with b-VLDL ( Figure 5H, lanes 2 and 3) . Suppression was restored by transfection with a plasmid encoding WT NPC1 (lanes 4-7), but not with plasmids encoding the binding-defective mutant (lanes 8-11) or transfer-defective mutant (lanes 12-15) . None of these plasmids affected suppression by 25-HC, which is normal in NPC1-deficient cells ( Figure 5I ).
DISCUSSION
Considered together with previous studies of NPC1 and NPC2 (Xu et al., 2007; Infante et al., 2008a Infante et al., , 2008b Infante et al., , 2008c , the current studies permit us to formulate a hypothetical working model to explain the requirement for these two proteins in the egress of lipoprotein-derived cholesterol from lysosomes (see Figure 6C ). The major consideration in formulating this model is the striking reversal in the orientation of cholesterol when it transfers between NPC2 and NPC1.
As described previously by Xu et al. (2007) , cholesterol binds to NPC2 with its 3b-hydroxyl group exposed to solvent ( Figure 6A ). The exposure of the 3b-hydroxyl allows NPC2 to bind lipoprotein-derived cholesterol either before or immediately after the fatty acid on the hydroxyl group is removed by acid lipase. Even though NPC2 can deliver cholesterol directly to liposomes in vitro as mentioned in the Introduction, genetics reveals that NPC2 alone is not sufficient for cholesterol egress from lysosomes, and hence the requirement for NPC1 (Pentchev, 2004; Sleat et al., 2004) . We hypothesize that the NPC1 requirement may be imposed to overcome either of two impediments: (1) cholesterol should enter the hydrophobic lysosomal membrane most readily when its hydrophobic isooctyl side chain leads the way; when cholesterol is bound to NPC2, the hydrophobic side chain is deeply buried in the protein and it cannot lead the way into the lysosomal membrane bilayer and/or (2) the carbohydrate glycocalyx that lines the interior of the lysosomal membrane (Neiss, 1984) creates a diffusion barrier that would prevent NPC2 from interacting directly with the membrane (Kolter and Sandhoff, 2005; Schulze et al., 2009 ). Both of these impediments could be overcome if NPC2 transferred its cholesterol to NPC1(NTD). This would reverse the orientation of cholesterol so that its hydrophobic side chain could lead the way into the membrane, and it likely provides a mechanism for cholesterol to transit the glycocalyx.
The model of Figure 6C is supported by our previously published in vitro data showing that [ 3 H]cholesterol binds to and dissociates from NPC1(NTD) extremely slowly and that both processes are accelerated in the presence of NPC2 (Infante et al., 2008c) . As is apparent from the NPC1(NTD) crystal structure, entry or exit of cholesterol from NPC1(NTD) requires enlargement of the S-opening, which could be accomplished by displacement of the loop between helix8/strand7 and/or a shift in the position of helix3, helix7, or helix8 ( Figures 1B,  orange) . Mutagenesis studies support the involvement of residues near the S-opening but not the W-opening in the NPC2-facilitated transfer of cholesterol. Alanine substitutions at multiple sites in helix7, helix8, and the helix8/strand7 loop decreased the ability of NPC2 to open the NPC1(NTD)-binding site as indicated by a reduced ability of NPC2 to facilitate the transfer of NPC1(NTD)-bound [ 3 H]cholesterol to liposomes (Figures 4 and S6, red) . This phenotype was not observed with mutations in helix3 or any other site in the protein. These data suggest that NPC2 interacts with NPC1(NTD) to elicit a rearrangement in helix7, helix8, and the intervening loop between helix8/strand7, thereby expanding the S-opening and allowing cholesterol to enter or exit from the binding pocket of NPC1(NTD). Helix3 may also contribute to the expansion of the S-opening. Comparison of the apo, cholesterol-bound, and 25-HC-bound structures shows that a slight displacement of helix3 is possible with the largest shift ($1 Å ) occurring at Asn86/Leu87 ( Figure S2 ). Exit through the S-opening is consistent with the idea that the hydrophobic side chain of cholesterol is the first part of the sterol to leave NPC1(NTD), thereby allowing it to insert into the lysosomal membrane.
The cell culture data of Figure 5 support the notion that transfer of cholesterol between NPC1 and NPC2 is required for exit of lipoprotein-derived cholesterol from lysosomes. When the L175A/ L176A mutation was introduced into full-length NPC1, the protein could not restore egress of cholesterol from lysosomes to a normal degree as judged by a failure of normal cholesterol esterification ( Figure 5F ) and suppression of SREBP-2 cleavage ( Figure 5H ) in the presence of b-VLDL. These data provide strong support for the notion that cholesterol must be transferred between NPC2 and NPC1(NTD) in order to exit the lysosome. However, the result does not in itself determine that the transfer goes in the direction of NPC2-to-NPC1. In our model, this directionality is hypothesized in order to overcome the two impediments discussed above, i.e., the directionality of cholesterol insertion into the bilayer and the necessity to transit the glycocalyx.
The NTD is separated from the membrane domain of NPC1 by a linker composed of $20 amino acids, 8 of which are prolines ( Figure 6D ). It is likely that this sequence extends in such a way that the NTD can project through the glycocalyx, which has been measured at $8 nm (Neiss, 1984) . This glycocalyx is shown as stipples in Figure 6C . In order to deliver cholesterol to the membrane, the NTD would have to move toward the membrane. Moreover, another protein would have to enlarge the S-opening on NPC1(NTD) in order for cholesterol to leave the NTD and enter the membrane. It is likely that these processes are mediated by the membrane domain of NPC1, which contains 13 transmembrane helices and two large loops that project into the lysosomal lumen. Five of the 13 transmembrane helices (no. 3-7) bear sequence homology to the sterol-sensing domains of Scap, a polytopic membrane protein in the SREBP pathway that has been shown to bind cholesterol with high affinity (Radhakrishnan et al., 2004) . It seems likely that the sterol-sensing domain of NPC1 participates in cholesterol transfer. In Figure 6C , we show the NPC1(NTD) interacting with the membrane domain of the same protein.
However, we have not ruled out the possibility that NPC1(NTD) transfers the cholesterol directly to the membrane. In transferring its bound cholesterol to the lysosomal membrane, the NTD of NPC1 could interact either with its own membrane domain (as shown in Figure 6C ), in which case it might transfer the cholesterol to the putative sterol-sensing domain in transmembrane helices 3-7, or with the membrane domain of a neighboring NPC1 molecule. In this regard, Ohgami et al. (2004) reported that they could crosslink photoactivated cholesterol to NPC1 when the photoactivated cholesterol was added to the culture medium of WT CHO cells. The reaction was reduced when the cells harbored mutant NPC1 with a point mutation in transmembrane helix3, which is part of the sterolsensing domain. Once cholesterol is transferred to the membrane domain of NPC1, it could be flipped to the cytosolic leaflet from which it could then be picked up by cytosolic cholesterol-binding proteins. It seems likely that additional proteins would be required for the export process. Clues may come from the study of patients who have the NPC disease phenotype but do not have mutations in NPC1 or NPC2.
One caveat to the model of Figure 6C arises because we have thus far been unable to demonstrate a stable complex between NPC1(NTD) and NPC2. Therefore, the postulated interaction between these two proteins might be transient. We are currently exploring methods to capture such transient interactions using NMR, chemical crosslinkers, and fluorescence energy transfer methods.
Although the model of Figure 6 still remains to be proven, it offers a scheme that can be tested by further experiments using in vitro biochemistry and cell culture methodologies. It is hoped that testing of this model may lead to new insights into a fundamental biologic process-namely, how lipoprotein-derived cholesterol is transported out of the lysosomal compartment so that it can exert its structural and regulatory functions within the cell. Understanding this process hopefully will shed new light on a devastating disease.
EXPERIMENTAL PROCEDURES
Expression and Purification of NPC1(NTD) for Crystallization Sf9 cells infected with His6-ENLYFQGA-NPC1(23-252)(N70Q/N122Q/N185Q) baculovirus (Wasilko and Lee, 2006) were used to infect Hi-5 cells at 1 3 10 6 cells/ml in Excel-405 medium. After incubation for 96 hr at 27 C, cells were pelleted by centrifugation, and the medium was concentrated by tangential flow filtration and exchanged into buffer A. The concentrated medium from 6 l of culture was applied to a 10 ml Ni-NTA column equilibrated in buffer A, washed sequentially with buffer A containing 5 mM and then 25 mM imidazole, and eluted with buffer A containing 250 mM imidazole. Fractions containing NPC1(NTD) were pooled, concentrated, and buffer-exchanged into buffer B, after which 0.9 mg/ml of His-tagged TEV protease was added, and the mixture was gently rocked overnight at 21 C. Following removal of the His-tag from His6-ENLYFQGA-NPC1(23-252)(N70Q/N122Q/N185Q), the mixture was applied to a 10 ml Ni-NTA column, and the flow-through was directly applied to a MonoQ column equilibrated in buffer B. NPC1(NTD) was eluted using a linear gradient from 50 to 500 mM NaCl, and fractions containing NPC1(NTD) were pooled and concentrated. The concentrated NPC1(NTD) was then applied to a Superdex 200 gel filtration column equilibrated with buffer containing 10 mM Tris-chloride (pH 7.5), 50 mM NaCl, and 0.01% NaN 3 . Fractions containing NPC1(NTD) were pooled and concentrated to 30 mg/ml prior to crystallization. Selenomethionine-containing NPC1(NTD) was generated in TNi-pro cells (Expression Systems) adapted to grow in ESF-921 methionine-free medium. At 16 and 40 hr after baculoviral infection with His6-ENLYFQGA-NPC1(23-252)(N70Q/N122Q/N185Q), the medium was supplemented with 100 mg/ml L-selenomethionine. Selenomethionine-containing NPC1(NTD) was purified as described above for the unlabeled protein.
Crystallization and Structure Determination
Prior to crystallization, cholesterol or 25-HC, at a final concentration of 1 mM in 5% (v/v) ethanol, was incubated with NPC1(NTD) overnight at 4 C. Initial crystals were obtained using the Fluidigm TOPAZ system. Crystals of apoNPC1(NTD) or the cholesterol-bound and 25-HC-bound forms were produced by mixing protein at 30 mg/ml with an equal volume of reservoir solution containing 25% (w/v) polyethylene glycol 1500, 100 mM MES acid, and 30 mM glycine at pH 3.25 (final pH, $4.0). Crystals were transferred stepwise into reservoir solution containing 25% (v/v) glycerol and soaked overnight at 21 C. Crystals were flash-frozen in a À160 C nitrogen stream. The crystals belong to space group P6 4 . Diffraction data were collected at the Advanced Photon Source (Argonne, IL, USA) beam line 19-ID and 19-BM and processed with HKL2000 (Otwinowski and Minor, 1997) Project, 1994) . Four selenium sites were found from SAD data using ShelXD (Schneider and Sheldrick, 2002) , and the resulting maps were improved by density modification using DM (Cowtan, 1994) . The model was built with the program COOT (Emsley and Cowtan, 2004 ). Initial refinement was performed with CNS (Brunger et al., 1998) , and the final cycles of refinement were performed with REFMAC (Winn et al., 2001 ). Figures were generated with PYMOL (http://www.pymol.org). somes, have been previously described (Infante et al., 2008c) . For transfer assays of NPC1(NTD) to liposomes, incubation conditions are described in Figure 5E . After incubation, the 200 ml mixture was diluted with 750 ml of buffer C and loaded onto a 2 ml column packed with 0.3 ml of Ni-NTA-agarose beads pre-equilibrated with buffer C. Each column was washed with 1 ml of buffer C. The amount of 
